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There is little doubt that in human meningococcal infection the naso- 
pharynx constitutes the portal of entry.  It is generally agreed that the 
primary lesion is an acute inflammation of the mucous membranes of this 
area (1-3).  The inflammation of the meninges which predominantly char- 
acterizes this infection results as a secondary invasion or extension from the 
primary focus in the nasopharynx. 
Much  evidence,  accumulated  from  bacteriological  and  pathological 
studies of meningococcus meningitis in man, indicates that invasion of the 
meninges occurs by way of the blood stream.  However other routes of 
invasion have received serious consideration by several investigators.  Thus 
Westenhoeffer (4) suggested and later Embleton and Peters (5) advocated 
a  direct extension of the infection from the nasopharynx by way of the 
sphenoid sinus.  On the other hand Netter and Debr6 (6) favored the view 
that the subarachnoid prolongations around the olfactory filaments provided 
a  route by which the infection could reach the meninges from the naso- 
pharynx.  Direct extension along the pia-arachnoidal sheath of the auditory 
nerve from the middle ear as a  result of the infection spreading up  the 
eustachian tube from the nasopharynx has also been suggested. 
None of the ordinarily used laboratory animals develops a characteristic 
meningeal lesion except following direct inoculation of the subarachnoid 
space (1).  For this reason an experimental demonstration of the route of 
invasion from the nasopharynx into the meninges has  thus far not been 
possible.  The chick embryo, as shown by the accompanying report  (7), 
is the first laboratory animal found to be susceptible to infection with the 
meningococcus in which the lesions commonly encountered in the human 
disease are reproduced. 
In our experiments it was found that the mouth and nasopharynx of the 
embryo ' could be utilized as a  portal of entry for the meningococcus by 
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inoculating the amniotic fluid.  The most frequent lesion which developed 
following this route of inoculation in 15  day old embryos was a  purulent 
inflammatory reaction in the paranasal sinuses in which the meningococci 
could be found in abundance.  An infection of the lungs also frequently 
developed.  In a significant proportion of embryos infected in this manner a 
typical  meningitis  developed.  Thus  under  experimental  conditions  the 
embryo, invaded by way of a portal of entry simulating that in the natural 
infection in man, is infected by the meningococcus which frequently localizes 
selectively in  the  meninges and  induces a  purulent meningitis.  Such  a 
localization also often occurred following inoculation into the body wall of 
the embryo. 
An opportunity for studying the route of invasion into the meninges from 
the  nasopharynx following intra-amniotic inoculation and from a  periph- 
eral focus after inoculation of the body wall was presented by these experi- 
ments.  Bacteriological studies of the  distribution of the microorganism 
following  inoculation  of  the  embryos  could  be  made.  By  histological 
examination of in  toto  cross sections of the heads of embryos which had 
developed a  meningitis following this type of inoculation the route of in- 
vasion might be  ascertained.  Observations on  experiments of this type 
will be detailed in this report. 
Methods and Materials 
The general experimental  procedures for the study of meningocoecus  infection in the 
chick embryo are described in the accompanying  report (7).  Two types of experiments 
utilizing  a peripheral focus  as a portal of entry for the meningococcus,  namely inoculation 
of the amniotic fluid and inoculation  of the body wall of the embryo, were chosen. 
For inoculation purposes the 18 hour ascitic agar slant culture of a loopful of the 
infected amniotic fluid of embryos inoculated 24 hours previously with the stock strain 
(7) was suspended  in 5 cc. of Ringer's solution. 
The amniotic fluid, heart blood and brain of embryos sacrificed at regular intervals 
following  inoculation were removed to determine the distribution of the microorganism. 
The materials were obtained by removing the contents of the egg to a sterile Petri dish. 
The amniotic fluid was collected by piercing the amniotic sac with a sterile capillary 
pipette.  The embryo was then removed and submerged in Zenker's fluid for a few 
minutes to kill off the organisms  on the surface.  The heart was then exposed and a few 
drops of blood removed with a capillary pipette.  A small sample from the brain was 
also removed by piercing the skull with a capillary pipette.  One or two drops of the 
amniotic fluid, heart blood and the brain were then cultured on ascitic agar. 
These embryos were fixed  further in toto in Zenker's solution (10 per cent acetic acid). 
After fixation cross sections of the embryos were made so as to include ~fll organs and 
tissues.  Embedding  was done in paraffin and the sections stained by Goodpasture and 
Anderson's  (8)  adaptation  of  Wright's  method  to  demonstrate  the  presence  of 
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Development of Meningitis  Following Inoculation of the  Amniotic Fluid 
After inoculation into the amniotic fluid the meningococcus is dispersed 
in this medium and comes into direct  contact  with the mouth and naso- 
pharynx of the  chick embryo.  This fluid is being constantly  swallowed 
and in embryos 14 to 15 days old it is probable that occasional respiratory 
movements serve to introduce it into the respiratory tract.  Although the 
meningococci  are  introduced in  this manner into  the upper parts  of  the 
gastrointestinal tract and proliferate in the fluids contained in the stomach 
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and intestines, careful study has not revealed any penetration of the gastro- 
intestinal mucosa or the development of an inflammatory reaction to their 
presence in these areas. 
15  day  old  embryos  were  found to  be  most  suitable  for  studying  the 
pathogenesis  of  the  infection  following  amniotic  inoculation.  Chart  1 
presents a protocol of an experiment of this nature. 
Thirty-six 15 day old embryos each received 0.05 cc. of the 18 hour ascitic agar culture 
suspension into the amniotic sac.  At 3, 6, 12, 20, 48, 72 and 96 hour intervals following 
inoculation  3  embryos  were  sacrificed  and  analyzed  by  bacteriological  culture  and 
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It can be seen from Chart 1 that during the first 12 hours the meningococci 
had not proliferated sufficiently in the amniotic fluid to be demonstrable 
by culture in the amount used.  Neither were they demonstrated in the 
heart blood and brain during this period.  Microscopic examination also 
showed no evidence of infection. 
At the 20 hour period cultures from the amniotic fluid and heart blood 
were positive from embryos 50a, 50b,  and 50c.  Cultures from the brain 
were negative.  Microscopically no meningitis was present in any one of 
these 3 embryos.  In 50a diplococci were present in the lungs only; in 50b 
and 50c they were present in the cranial sinuses and the lungs in moderate 
numbers but no inflammatory reaction had developed at these sites. 
At 48 hours embryo 51a showed positive cultures from the amniotic fluid, 
heart blood and brain; 5 l b showed positive cultures from amniotic fluid and 
heart  blood and negative cultures from the  brain;  51c  showed negative 
cultures. 
Upon microscopic examination of 51a numerous diplococci were found 
in the cranial sinuses in the presence of a slight inflammatory reaction.  No 
diplococci were present in the lungs.  The meninges showed a widespread 
purulent inflammatory reaction with numerous diplococci in the intercellular 
spaces  both  intra-  and  extracellularly.  In  51b  a  marked  inflammatory 
reaction with numerous intra- and extracellular diplococci was present in 
the cranial sinuses.  This type of reaction was also present throughout the 
meninges and in the lungs.  No lesions were present in any of the organs 
of 51c.  No infection apparently was established in this embryo. 
At 72 hours following inoculation positive cultures were obtained  from 
the amniotic fluid only, in embryo 52a; from  52b positive cultures were 
obtained from the amniotic fluid, heart blood and the brain; and 52c yielded 
negative cultures. 
Microscopically each of these embryos showed a purulent inflammatory 
reaction in  the  sinuses and  the lungs.  A  purulent meningitis  was  also 
present in each of them.  In 52b from which positive cultures from the heart 
blood and brain were obtained dipIococci could be demonstrated in all the 
lesions.  In the other 2 embryos only a few degenerate forms of the micro- 
organism were present.  The inflammatory exudate also showed beginning 
degeneration. 
From the embryos 53a, 53b and 53c autopsied 96 hours after inoculation 
negative cultures were obtained.  Each of these showed a purulent sinusitis 
and 53b and 53c showed a possible residual inflammatory reaction in the 
meninges.  The lungs of these embryos were not examined. 
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the meningococcus under such experimental conditions as obtain following 
infection of the  amniotic fluid in  15  day old  chick embryos, conditions 
favorable to the growth of the microorganism are apparently present in the 
cranial sinuses  and in the lungs.  The sinuses  are most often the site at 
which the microorganisms are  found.  These structures are involved by 
direct extension into them of the infected amniotic fluid.  The lungs are 
the next most frequently involved structures, also due to direct extension 
of the infection by way of aspirated amniotic fluid.  There seems likewise 
to be a  temporary stage in which the microorganisms are present in the 
blood stream but in contrast to younger embryos no progressive septicemia 
results. 
At the 48 and 72 hour period, in all of the embryos in this series which 
exhibited a sinusitis,  a meningitis was also present.  These embryos were 
studied by means of serial sections of various parts of the entire head in 
order to determine if a direct extension of the infection from the sinuses or 
possibly from the middle ear, or by way of the olfactory nerves could be 
demonstrated. 
Infection of the middle ear did not occur in any of these embryos nor 
in numerous others examined, although diplococci could often be found in 
the external auditory canal which is in constant contact with the amniotic 
fluid.  By serial section no extension directly from these structures to the 
meninges could be demonstrated. 
Although the cranial sinuses  are separated from the meninges by only a 
thin layer of bone and loose periosteal connective tissue, and in many in- 
stances contained great numbers of diplococci, no evidence was present on 
examination of numerous sections from many embryos that a  direct ex- 
tension into the meninges took place. 
Particular attention was given to the olfactory nerves.  Sections through 
the anterior part of the olfactory lobes often showed an intense purulent 
meningitis and numbers of diplococci could be demonstrated to extend for a 
considerable distance anteriorly in the arachnoid surrounding the olfactory 
fasciculi.  As sections were taken more anteriorly, including the olfactory 
nerves  with  their  surrounding  sheath  of  arachnoid,  the  inflammatory 
reaction and diplococci  could still  be  demonstrated in  the nerve sheath. 
But as the peripheral portions of the nerves were approached no inflamma- 
tory reaction or the presence of diplococci could be demonstrated.  Neither 
was any evidence of infection or inflammatory reaction present in the nasal 
mucosa.  It was apparent from these observations that the infection and 
inflammatory reaction extended centrifugally from the infected meninges 
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and  not  centripetally from  the  nasal  cavity  by  way  of  the  olfactory 
filaments. 
However, examination of the meningeal lesion  in many instances pre- 
sented evidence that the meningococcus invaded the meninges by way of 
the blood stream.  In some of the cases in which the meningitis had devel- 
oped following  amniotic inoculation the diplococci  could be found at the 
same time in the lumina of the smaller vessels.  They could be demonstrated 
on the endothelial surface of the veins and venous sinuses.  Thrombosis 
of these vessels was of frequent occurrence and at these points hemorrhage 
into the meninges was present and the diplococci  could be found growing 
in the surrounding tissue. 
Studies of the inflammatory lesions in the peripheral foci in the sinuses 
and the lungs were made to observe the manner in which the microorganism 
gained entry into the blood stream at these points.  This occurrence could 
not be  demonstrated with certainty.  Within  the  smaller vessels  in  the 
neighborhood  of  the  infected  sinuses  diplococci  could be  occasionally 
found but their relation to the organisms within the sinuses  could not be 
definitely ascertained.  This was also true of the lesions in the pulmonary 
alveoli.  Alveolar capillaries  also  could be  found with  diplococci  within 
them but the actual invasion of the blood stream by the meningococcus 
could not be observed microscopically. 
In the embryos showing pulmonary infection the dilated bronchi and air 
sacs of the embryos could often be found to contain organisms in abundance. 
The surrounding smaller veins often showed changes which gave indications 
that they might have served as points of entry for the cocci.  In several 
areas small perivascular collections of leukocytes could be seen and within 
the lumen diplococci  could often be  found.  The  diplococci  were extra- 
cellular and phagocytes containing organisms were never observed in the 
process of reentering the blood stream. 
In many cases the pulmonic infection involved the air sacs which extend 
into  the abdomen of the embryo.  In several instances it was observed 
that the meningococci invaded the peritoneal cavity from these points and 
induced an inflammatory reaction.  Once they had invaded the peritoneal 
cavity they proliferated rapidly.  In such cases entry into the blood stream 
might have been effected from these areas. 
Development of Meningitis Following  Inoculation into the Body Wall 
of tke Embryo 
In these experiments  0.05 cc. of the 18 hour ascitic agar slant culture suspension was 
introduced into the body wall of embryos  of 12, 13, 14 and 15 days incubation.  The 
13 day old embryos  developed  the most suitable infections for this study.  The exact G.  JOHN BDDDINGH AND  ALICE D.  POLK  505 
point of inoculation was not controlled and this procedure involve~ 15enetration of the 
amniotic fluid, with the injecting needle often resulting in infection of this medium at 
the same time.  51 thirteen day old embryos were inoculated into the body wall.  Em- 
bryos were sacrificed  for bacteriological  and microscopic examination at 18, 24, 48 and 
72 hours. 
Chart 2 presents a protocol of a representative experiment. 
It is seen from Chart 2 that each of embryos 65 and 66 sacrificed 18 hours 
after inoculation showed positive cultures from the  amniotic fluid, heart 
blood and brain.  Upon microscopic examination a purulent inflammatory 
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reaction was found only in the meninges.  Diplococci were present within 
the smaller vessels, the venous sinuses of the brain and meninges, and were 
present  in  the  surrounding inflammatory exudate  in  moderate numbers 
extracellularly.  The microorganisms were particularly conspicuous on the 
endothelial surface of the  vessels;  and  in  the  intercellular spaces  of  the 
meninges they were most abundant in the neighborhood of such vessels. 
They were usually accompanied by localized extravasations of red blood 
cells.  In these embryos infection of the paranasal sinuses was not present. 
A small number of diplococci were present in the trachea, bronchi and the 506  MENINGOCOCCUS  MENINGITIS  IN CHICK  EMBRYO 
alveoli of the lungs.  No inflammatory reaction was present in the lungs 
at  this stage. 
At 24 hours embryo 8 showed positive cultures from the heart blood and 
the  amniotic fluid and  a  negative culture from the brain.  Microscopic 
examination revealed that no lesions had developed.  Embryo 22 showed 
positive cultures from the amniotic fluid, heart blood and the brain.  On 
microscopic examination this embryo showed a widespread infection of the 
meninges, but none in the sinuses or the lungs. 
The study of the meningeal infection in this embryo was of particular 
interest.  Great  numbers  of  diplococci were  present  everywhere  in  the 
leptomeninges.  An acute inflammatory exudate  consisting of numerous 
polymorphonuclears and large  mononuclears, many of the latter  loaded 
with  cocci, was  everywhere present.  Numerous hemorrhages of greater 
or less  extent were also present.  The diplococci could be  seen in  great 
numbers within the blood vessels and in many instances surrounding smaller 
capillaries and veins in collar-like masses.  Many of the vessels were plugged 
with cellular thrombi, and were surrounded with massive hemorrhages and 
numerous diplococci.  Many of these thrombosed vessels were also present 
in the brain substance proper surrounded by hemorrhages, and diplococci 
were present in such areas in great numbers.  Such lesions could also be 
seen directly beneath the ependyma with hemorrhage into the ventricles 
and the presence of large masses of organisms growing in the cerebrospinal 
fluid. 
In embryo 10 sacrificed at 48 hours a positive culture was obtained from 
the  amniotic fluid,  heart  blood  and  brain.  Microscopically a  purulent 
meningitis and a sinusitis were present.  In the meninges the inflammatory 
exudate was much more abundant than at the 24 hour period.  Most of the 
cells showed beginning degeneration.  Only a  small number of diplococci, 
the majority of which were phagocytosed by mononuclears, was seen.  The 
microorganisms also showed many degenerate forms.  Within the cerebral 
tissue numerous petechial hemorrhages associated with small thrombosed 
vessels were present. 
In embryo 91, surviving 72 hours, a positive culture was obtained from 
the amniotic fluid only.  Microscopically only a  sinusitis originating by 
direct  extension  from  the  infected amniotic fluid was  present.  In  this 
embryo the injection into the body wall apparently failed due to technical 
difficulties and only the amniotic fluid was infected. 
The observations made in these experiments and in others of this type 
gave definite demonstrations that when inoculated into the body wall the 
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instances accompanied by the development of a typical meningitis.  Fur- 
thermore from the peripheral focus of inoculation the microorganism was 
transported to the meninges by way of the blood stream. 
DISCUSSION 
The chick embryo has proved to be a  convenient experimental host for 
the study of certain factors concerned in the pathogenesis of the meningeal 
lesion in meningococcal infections.  By inoculations of the amniotic fluid 
the mouth, nasopharynx and respiratory tract serve as portals of entry for 
the  microorganism.  In  15  day  old  embryos inoculated in  this  manner 
infection and a  resulting inflammatory reaction of the cranial sinuses and 
in many instances of the bronchi and lungs takes place.  Concurrent with 
the development of these lesions a large proportion of the embryos show a 
localization of the meningococcus within the meninges which induces in 
these structures a typical inflammatory response.  The same type of selec- 
tive localization occurs following introduction of the meningococcus into 
the body wall of 13 day old embryos.  From the foregoing bacteriological 
analysis and microscopic examination of infected embryos at various inter- 
vals following inoculation definite conclusions may be arrived at as to the 
mode of invasion into the meninges by the menfiagococcus. 
A possible invasion of the meninges by direct extension of the infection 
from the middle ear,  from the cranial sinuses or along the pia-arachnoid 
extensions of the olfactory nerves was given careful consideration in em- 
bryos which developed a  meningitis following introduction of the menin- 
gococci by way of the mouth and respiratory tract.  That such a route is 
followed is  not  substantiated  by  these  observations.  Careful  study  of 
embryos in which an inflammatory reaction and meningococci were present 
concurrently within the cranial sinuses and the meninges, failed to indicate 
that there was a direct extension of the infection between these structures. 
By study of serial sections it was also possible to show that the pia-arachnoid 
sheaths of the olfactory filaments do not constitute a route along which the 
infection spreads from the nasopharynx into the meninges.  Neither was 
there any evidence that the middle ear constituted a focus from which the 
meninges were invaded by way of the blood stream.  A positive blood cul- 
ture could always be obtained in the earlier stages of the infection.  The 
meningeal lesion was always associated with the presence of diplococci in 
and  around  the  blood  vessels  and  venous  sinuses.  Hemorrhage  and 
thrombosis of  the  smaller  veins  and  various  sinuses  were  sometimes a 
conspicuous feature. 
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blood stream occurs is further evidenced by the experiments in which the 
body wall of 13 day old embryos was inoculated.  Apparently, invasion of 
the blood stream is more readily effected following this type of inoculation. 
The subsequent localization within the meninges can clearly be observed 
in and around the meningeal vessels.  Multiple thrombi associated with 
the presence of the diplococci are present and from the cerebral capillaries 
petechial hemorrhages serve to introduce the diplococci into the surround- 
ing tissues and into the ventricles. 
The invasion of the meninges from the blood stream is relatively fre- 
quently indicated so that little doubt can be raised as to the r61e which the 
blood stream plays in transporting the meningococcus from the peripheral 
foci of infection.  The exact mechanism whereby the meningococcus gains 
entry into the blood stream is not easily discernible.  In the membranal 
infection of 12 day embryos a special affmity of the meningococcus for the 
endothelial cells of the mesodermal veins can be observed.  In 15 day old 
embryos the microorganism is localized on the surface of the membrane by a 
much more active inflammatory response so  that invasion of the blood 
stream  is  of  infrequent occurrence and  a  meningeal localization  of  the 
infection does not occur.  The invasion of the blood stream following the 
establishment of the infection in the cranial sinuses is not a massive one but 
must evidently result from relatively few microorganisms gaining a foothold 
on the  endothelial surface  of the neighboring smaller vessels.  Such in- 
stances can be occasionally observed microscopically especially within the 
venules  in  the  loose  connective tissue  surrounding the  infected dilated 
bronchi and air sacs in the thorax.  Experiments in which the meningococci 
are injected directly into the blood stream indicate that the microorganism 
does not survive for long periods in this medium and  the possibility that 
they are protected by first being phagocytosed is not to  be overlooked. 
That the meningococci survive and perhaps proliferate within phagocytes is 
definitely indicated by these and the accompanying studies. 
As Murray has pointed out (1)  some of the earliest lesions observed in 
human cases of meningococcus meningitis are  a  general perivascular in- 
filtration and edema and also petechial hemorrhages in the subependymal 
tissues.  Vascular thrombosis is often observed in fully developed purulent 
meningitis  and  similar  lesions  are  found  in  the  subependymal tissues. 
Furthermore the diffuse nature of the inflammatory process is considered 
to be against its originating in a single focus.  In the experimental infection 
of the chick embryo the vascular origin of the meningeal lesion is clearly 
indicated. 
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reach the cerebrospinal fluid by way of the choroid plexus is not supported 
by the observations made in this study.  In the embryo the meninges are 
generally affected and there is no evidence that the choroid plexus repre- 
sents the primary focus of localization. 
It  is  not  assumed that  too  strict  an  analogy can  be  drawn between 
meningococcus infection in the chick embryo and that occurring in man. 
It seems to be of significance, however, that in this experimental host, follow- 
ing the utilization of the nasopharynx and respiratory tract as a portal of 
entry, an inflammatory reaction develops in response to the localization 
of this microorganism in the cranial sinuses and often in the lungs and con- 
currently in many instances  there occurs a  typical meningeal infection. 
Such a localization was furthermore shown to take place following inocula- 
tion into the body wall.  The route of entry into the meninges by way of 
the blood stream could be clearly demonstrated and no evidence for direct 
extension of the infection was presented by these experiments. 
That a selective localization takes place following experimental infection 
of the chick embryo with other bacterial pathogens has been adequately 
demonstrated by Gallavan (10) and Gallavan and Goodpasture (11) in the 
case  of H.  influenzae  and  H.  pertussis.  The  development of  a  typical 
meningitis following infection with the meningococcus further establishes 
the chick embryo as a useful and convenient host for studies of the patho- 
genesis of certain infectious diseases and adds support to the validity of the 
conclusions which may be drawn from them. 
SUMMARY 
1.  A microscopic and bacteriological analysis of the meningitis produced 
in the chick embryo following inoculation of meningococci into the body 
wall or into the amniotic cavity indicates that the meninges are invaded 
by way of the blood stream. 
2.  There is no indication that a direct extension of the infection by way 
of the middle ear, the cranial sinuses or the pia-arachnoid sheath of the 
olfactory nerves to the meninges takes place. 
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EXPLANATION  OF PLATES 
PLATE 39 
FIG. I. Meningitis in embryo following  amniotic injection  on 15th day.  72 hour 
lesion.  Frontal lobes  with meningitis.  Hematoxylin and eosin  stain.  X 34. 
FIG.  2. Same embryo as  in  Fig. I  showing inflammatory exudate surrounding fascicles 
of the olfactory  nerves.  Hematoxylin and eosin  stain.  X 80. 
FIG. 3. Same embryo as in Figs. I and 2 showing olfactory  nerve sheaths free  of 
inflammatory reaction.  Hematoxylin and eosin  stain.  X 80. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 70  PLATE 39 
(Buddlngh and Polk: Meningococcus meningitis in chick embryo) PLATE 40 
FIG. 4. Low power showing inflammatory reaction  in meninges following amniotic 
infection  in 13 day old embryo.  72 hour lesion.  Wright's stain.  X  120. 
FIG. 5. Same as Fig. 4 showing high power magnification of meningeal reaction. 
Wright's stain.  ×  800. THE JOURNAL OF EXPERIMENTAL MEDICINE VOL. 70  PLATE 40 
(Buddingh and Polk: Meningococcus meningitis in chick embryo) 